Recently, research into the development of new targeted therapies has focused on specific genetic alterations to create advanced, more personalized treatment. One of the target genes, fibroblast growth factor receptor-1 (FGFR1), has been reported to be amplified in estrogen receptor (ER)-positive subtype breast cancer, and is considered one possible mechanism of endocrine resistance through crosstalk between ER and growth factor receptor signaling. We performed a comprehensive analysis of FGFR1 at the levels of gene copy number, transcript and protein expression, and examined the relationships between FGFR1 status and clinicopathological parameters, including prognosis in 307 ER-positive ⁄ HER2-negative primary breast cancer patients treated with standard care at our institute. Most notably, a high level of FGFR1 protein expression was observed in 85 patients (27.7%), and was positively associated with invasive tumor size (P = 0.039). Furthermore, univariate analysis revealed that high FGFR1 protein expression was significantly correlated with poor relapse-free survival rate (P = 0.0019, HR: 2.63, 95% confidence interval: 1.17-5.98), and showed a tendency towards an increase in recurrent events if the observation period extended beyond the 5 years of the standard endocrine treatment term. FGFR1 gain ⁄ amplification was found in 43 (14.0%) patients, which was only associated with higher nuclear grade (P = 0.010). No correlation was found between FGFR1 mRNA expression levels and any clinicopathological factors. Overall, the level of FGFR1 protein expression may be a biomarker of ER-positive ⁄ HER2-negative primary breast cancer with possible resistance to standard treatment, and may be a useful tool to identify more specific patients who would benefit from FGFR-1 targeted therapy. R ecent increases in genomic information related to cancer has expanded the opportunities both to reveal the character of cancer and to guide cancer therapy. Biomarkers are the set of measurable parameters that provide information directly applicable to the clinical course of cancer, and which are associated with drug sensitivity and resistance. For example, amplification of human epidermal growth factor receptor-2 (HER2), found in 15-20% of breast cancers, has been regarded as an important predictive marker of the therapeutic effect of anti-HER2 targeted therapy and breast cancer prognosis.
Recently, research into the development of new targeted therapies has focused on specific genetic alterations to create advanced, more personalized treatment. One of the target genes, fibroblast growth factor receptor-1 (FGFR1), has been reported to be amplified in estrogen receptor (ER)-positive subtype breast cancer, and is considered one possible mechanism of endocrine resistance through crosstalk between ER and growth factor receptor signaling. We performed a comprehensive analysis of FGFR1 at the levels of gene copy number, transcript and protein expression, and examined the relationships between FGFR1 status and clinicopathological parameters, including prognosis in 307 ER-positive ⁄ HER2-negative primary breast cancer patients treated with standard care at our institute. Most notably, a high level of FGFR1 protein expression was observed in 85 patients (27.7%), and was positively associated with invasive tumor size (P = 0.039). Furthermore, univariate analysis revealed that high FGFR1 protein expression was significantly correlated with poor relapse-free survival rate (P = 0.0019, HR: 2.63, 95% confidence interval: 1.17-5.98), and showed a tendency towards an increase in recurrent events if the observation period extended beyond the 5 years of the standard endocrine treatment term. FGFR1 gain ⁄ amplification was found in 43 (14.0%) patients, which was only associated with higher nuclear grade (P = 0.010). No correlation was found between FGFR1 mRNA expression levels and any clinicopathological factors. Overall, the level of FGFR1 protein expression may be a biomarker of ER-positive ⁄ HER2-negative primary breast cancer with possible resistance to standard treatment, and may be a useful tool to identify more specific patients who would benefit from FGFR-1 targeted therapy. R ecent increases in genomic information related to cancer has expanded the opportunities both to reveal the character of cancer and to guide cancer therapy. Biomarkers are the set of measurable parameters that provide information directly applicable to the clinical course of cancer, and which are associated with drug sensitivity and resistance. For example, amplification of human epidermal growth factor receptor-2 (HER2), found in 15-20% of breast cancers, has been regarded as an important predictive marker of the therapeutic effect of anti-HER2 targeted therapy and breast cancer prognosis. (1) (2) (3) (4) (5) While progress in local and systemic treatment has clearly improved the prognosis of breast cancer patients, many patients still die from this disease. The development of new targeted therapy is focused on the specific genetic alterations in individual breast cancers, resulting in more advanced and more personalized treatment. (6, 7) Fibroblast growth factor receptor-1 (FGFR1) is a member of the receptor tyrosine kinase family that plays an important role in mediating fibroblast growth factor (FGF) signaling. Upon activation, FGFR1 promotes cancer cell proliferation, migration, angiogenesis and survival. This gene is also related to activation of the phosphatidylinositol 3-kinase (PI3K) ⁄ protein kinase B (AKT) ⁄ mammalian target of rapamycin (mTOR) signaling pathway and the mitogen-activated protein kinase (MAPK) pathway. There have been a number of reports of FGFR1 gene amplification in breast cancer, and, consequently, FGFR1 has attracted attention as a target for personalized therapy. Previous studies have suggested that FGFR1 amplification is present in around 10% of breast cancer patients, and is associated with a poor outcome. (8, 9) The Cancer Genome Atlas (TCGA) showed that copy number gain ⁄ amplification of FGFR1 was around 10% in breast cancer (TCGA Network: data are available online at the cBio Cancer Genomics Portal; http://cbioportal.org). (10) Another study indicates that FGFR1 amplification is implicated in 15% of cancers of the estrogen receptor (ER)-positive ⁄ HER2-negative subtype. (11) In particular, amplification and subsequent overexpression of FGFR1 contributes to poor prognosis in luminal-type breast cancers and drives resistance to endocrine therapy. (12) In spite of these findings there are no reports comparing copy number aberration (CNA), mRNA expression and protein expression, and the correlation of each parameter with breast cancer characteristics. In this study, we analyzed gene amplification and mRNA and protein overexpression of FGFR1, and their potential association with cilinicopathological factors and prognoses in ER-positive ⁄ HER2-negative primary breast cancer.
Materials and Methods
Patient characteristics and tumor material. We studied a consecutive series of 307 invasive breast cancer specimens from women treated at Kumamoto University Hospital between June 2000 and January 2011. The median duration of patient follow-up was 65 months. Informed consent was obtained from all patients. No exclusion criteria were applied. The ethics committee of Kumamoto University Graduate School of Medical Sciences approved the study protocol. All patients had undergone biopsy before neoadjuvant therapy or surgical treatment. Samples were snap-frozen in liquid nitrogen and stored at À80°C until being used for simultaneous total RNA and genomic DNA (gDNA) extraction. Neoadjuvant and adjuvant treatment were administered depending on the risk evaluation according to tumor biology, such as ER, progesterone receptor (PR), and HER2 expression except Ki67 status, and clinical staging in accordance with the recommendations of the St Gallen international expert consensus on the primary therapy of early breast cancer. (13) (14) (15) (16) (17) We based our evaluation on the REporting recommendations for tumor MARKer prognostic studies (REMARK). (18) Gene copy number assays. Each patient's gDNA was extracted by using the AllPrep DNA ⁄ RNA ⁄ miRNA Universal Kit (QIAGEN, Venlo, the Netherlands) following the manufacturer's protocol. The concentration and purity of the prepared gDNA were measured by the A260 ⁄ A280 absorbance ratios (Nano-Drop Technologies, Wilmington, DE, USA). FGFR1 gene amplification was analyzed with copy number assay by real-time quantitative PCR (qPCR) on an ABI 7900HT Fast System (Applied Biosystems, Foster City, USA). RNase P was chosen as a reference for gene dosage because of its single copy number. Each reaction was performed in a reaction mixture containing 5.0 lL of 2 9 TaqMan Genotyping Master Mix (Applied Biosystems), 0.5 lL of TaqMan Copy Number Assay (FGFR1: Hs02882334_cn; Applied Biosystems), 0.5 lL of TaqMan Copy Number Reference Assay (RNase P 20X Primer-Probe VIC; Applied Biosystems), 2.0 lL of nuclease-free water and 2.0 lL (10 ng) of gDNA sample in a final volume of 10 lL. Thermal cycling conditions included an initialization step at 95°C and 60 s at 60°C. Calculation of the gene copy number was carried out using the absolute quantification method. FGFR1 gene status was defined by the ratio of FGFR1 versus RNase P gene. In total, a ratio from 1.5 to <2.0 was defined as a gain, a ratio larger than or equal to 2.0 as an amplification, and a ratio less than 1.5 as normal range.
Real-time quantitative reverse transcription polymerase chain reaction analysis. Total RNA was isolated from tissue specimens using the AllPrep DNA ⁄ RNA ⁄ miRNA Universal Kit (QIAGEN). Total RNA (0.5 lg) was reverse transcribed to complementary DNA (cDNA) using the PrimeScript RT Master Mix (TaKaRa Bio, Otsu, Japan), according to the manufacturer's protocol. Real-time quantitative reverse transcription PCR (RT-qPCR) was used to assess FGFR1 mRNA expression. Real-time RT-qPCR was carried out in a solution containing 5.0 lL of 2 9 TaqMan Fast Advanced Master Mix (Applied Biosystems), 0.5 lL of TaqMan Gene Expression Assay (FGFR1: Hs00915142_m1, b-Actin: Hs01060665_g1, PUM1: Hs_00982775_m1, TAF-10: Hs00359540_g1, Applied Biosystems), 3.5 lL of nuclease-free water and 1.0 lL of cDNA sample (10 ng ⁄ lL) in a final volume of 10 lL. Thermal cycling was performed in an ABI 7900HT Fast System (Applied Biosystems). Negative controls were included in each run. Relative mRNA levels were determined from the threshold cycle for amplification using the DDCt method. Determination of Ct values was performed in duplicate and normalized to the Ct values of simultaneous duplicate measurements of the expression of three housekeeping genes, b-Actin, PUM1 and TAF-10, from the same samples. These housekeeping genes were selected based on our previous study. (19) Immunohistochemistry. Histological sections (4 lm) were deparaffiinized and then rehydrated. The sections were incubated for 10 min in methanol containing 0.3% hydrogen peroxide to block endogenous peroxidase. Antigen retrieval was performed in a microwave for 60 min in a pH 7.0 antigen retrieval solution. After nonspecific staining had been blocked using a blocking agent, sections were incubated overnight with the primary antibody (1:200, ab10646; Abcam, Cambridge, UK) at 4°C. We used Histofine Simple Stain MAX-PO (MULTI) as the secondary antibody and Histofine DAB Substrate Kit as the chromogenic substrate (NICHIREI BIOS-CIENCES, Tokyo, Japan).
Mouse monoclonal antibodies were used for detection of ER (1D5, 1:50; Dako, Tokyo, Japan), PgR (PgR636, 1:800; Dako), human epidermal growth factor receptor 2 (HER2) (1:200; Dako) and Ki67 (MIB-1, 1:50; Dako), in accordance with the manufacturer's instructions.
The cytoplasmic expression of FGFR1 was semi-quantitatively evaluated using a microscope and scored by Histo-score (H-score). When an immunostaining was present, it was evaluated using a four value intensity score: 0, negative staining; 1, weak, 2, moderate; 3, strong ( Fig. 1 ). Immunostained slides were scored separately for cytoplasmic staining by intensity score and percentage of invasive tumor cells stained at each of the four intensities. H-score was calculated using the formula: (3 9 percentage strong staining) + (2 9 weak moderate staining) + (1 9 percentage weak staining). As the cut-off value we selected an H-score of 180 or more. This cut-off value was selected to evaluate our study cohort by almost complete low expression and high expression of FGFR1.
Statistical analysis. The associations of FGFR1 gene copy number, mRNA and protein expression levels with clinicopathological factors were analyzed using the v 2 -test. Relapsefree survival (RFS) and breast cancer-specific survival (BCSS) curves were calculated according to the Kaplan-Meier method and verified by the log-rank test. Univariate and multivariate analyses of prognostic values were performed using Cox's proportional hazard model. A statistically significant difference was defined as P < 0.05. We used JMP software version 11 for Windows (SAS Institute Japan, Tokyo, Japan) for all statistical analyses.
Results
Patient characteristics. The median age at diagnosis was 61 years (range 21-93). Among the patients, 227 (74.2%) of these were postmenopausal women. One hundred and six (34.5%) patients had positive nodal status. The median Ki67 labeling index was 17.8 (range 0.5-87.2). Most patients (n = 287, 93.5%) were treated with endocrine therapy, and 78 (25.4%) patients were treated with chemotherapy. A total of 217 (70.7%) patients underwent breast conserving surgery, 90 (29.3%) patients underwent total mastectomy and 169 (55.0%) received radiation therapy (Fig. S1 ).
Association of fibroblast growth factor receptor-1 gene copy number, levels of mRNA and protein expression with clinicopathological factors. Among the 307 ER-positive ⁄ HER2-negative primary breast cancer patients, we analyzed FGFR1 gene copy number, levels of mRNA and protein expression. FGFR1 gain ⁄ amplification was found in 43 (14.0%) patients. Relative FGFR1 mRNA expression ranged from 0.00075 to 34.73 (25th percentile 0.14, median 0.42, 75th percentile 1.25). We divided the mRNA expression level into two groups: a high mRNA expression group (upper 25th percentile, n = 76) and a low mRNA expression group (lower 75th percentile, n = 231). In the IHC assessment of FGFR1 protein expression, an H-score ≥180 was observed in 85 patients (27.7%), who were defined as having a high protein expression level, and an H-score <180 was observed in 222 patients (72.3%), who were defined as having a low protein expression level.
The detailed results of correlation analysis between amplification, expression of FGFR1 and clinicopathological factors are shown in Table 1 . Patients with FGFR1 gain ⁄ amplification had higher nuclear grade (P = 0.010), but no other factors had any correlation with FGFR1 gain ⁄ amplification. Similarly, there was no correlation between FGFR1 mRNA expression level and any clinicopathological factors. However, higher FGFR1 protein expression level was significantly associated with larger invasive tumor size (P = 0.039). No significant difference was observed in histological subtype (20) and these three parameters (FGFR1 gain ⁄ amplification; P = 0.89, mRNA expression; P = 0.26, protein expression; P = 0.77).
Prognostic relevance of fibroblast growth factor receptor-1 gene copy number, mRNA and protein expression. In the analysis of RFS, both local recurrence and distant metastases were considered as events. Among 21 recurrent cases, distant metastases occurred in 13 cases and local recurrence in 18 cases (10 of 18 cases had both local recurrences and distant metastases). Eight patients died as a result of breast cancer, and these were regarded as events when analyzing BCSS.
Survival analysis using the Kaplan-Meier method revealed that higher FGFR1 protein expression was associated with shorter RFS (P = 0.015). No correlation was found with BCSS (P = 0.70) (Fig. 2) . FGFR1 gene copy number and mRNA expression were not significantly associated with either RFS or BCSS using the Cox proportional hazards model and could not be verified by the Kaplan-Meier curve (data not shown).
The prognostic relevance of FGFR1 gene copy number, mRNA and protein expression are summarized in Tables 2 and  3 . According to univariate analysis for RFS, FGFR1 protein expression (low level versus high level, P = 0.019, hazard ratio [HR]: 2.63, 95% confidence interval [CI: 1.17-5.98]) was statistically significant. In Cox's proportional hazards model, our data indicate that FGFR1 protein expression (low versus high, P = 0.0070, HR: 3.63, 95% CI: 1.42-9.95) and age (<50 vs ≥50, P = 0.032, HR: 0.11, 95% CI: 0.017-0.83) was an independent prognostic factor of a poor prognosis in terms of RFS for ER positive HER2 negative primary breast cancer. As for BCSS, nodal status was a significant univariate parameter (Àversus +, P = 0.032, HR: 4.97, 95% CI: 1.14-33.95), while FGFR1 gene amplification, mRNA and protein expression showed no significant difference.
Correlation between fibroblast growth factor receptor-1 amplification, mRNA and protein expression. Modest positive correlations between these three variables (FGFR1 gene gain ⁄ amplification, expression levels of mRNA and protein) were found, as shown in Figure 3 . The median level of FGFR1 mRNA expression was significantly higher in the FGFR1 gene gain ⁄ amplification group (median mRNA 0.95) than in the normal range group (median mRNA 0.37) (P = 0.0004). The median level of FGFR1 protein expression was also higher in the gene gain ⁄ amplification group (median H-score 160) than the normal range group (median H-score 100) (P = 0.039). We compared the mRNA expression levels between the groups with high and low FGFR1 protein expression. The median levels of mRNA expression were 0.31 in the low protein expression group and 0.84 in the high protein expression group (P = 0.001).
Discussion
We investigated gene copy number and mRNA and protein expression levels of FGFR1 in ER-positive ⁄ HER2-negative primary breast cancer, and the effects of three expression levels. Among them, protein overexpression of FGFR1 was significantly associated with invasive tumor size as a correlation with clinicopathological factors. One significant finding in this study is the observation that higher FGFR1 protein expression is associated with significantly worse RFS using the logrank test by Kaplan-Meier curve and univariate Cox regression analysis. The widening difference in the late observation period which was revealed by the log-lank test may imply the presence of resistance for present standard therapies resulting in late recurrence in the higher FGFR1 protein expression group. There is some prior evidence to substantiate our theory, suggesting that higher protein expression of FGFR1 might influence the likelihood of recurrence. First, abnormal FGFR signaling has been shown to contribute to breast cancer progression. In the transgenic mouse model, which uses a mouse mammary tumor virus-inducible FGFR1, sustained activation of FGFR1 in the mouse mammary epithelium induces alveolar hyperplasia and long-term activation resulting in stromal invasion, which is associated with extracellular matrix remodeling and vascular branching in the stroma adjacent to these lesions. (21) In another study, inducible FGFR1 activation was demonstrated to result in a gain of invasive properties and promotion of the epithelial-mesenchymal transition, which is caused by induction of matrix metalloproteinase-3. (22) Second, FGFR1 makes an important contribution to the resistance to endocrine therapy through activation of the MAPK and PI3K pathways. (12) As our results show, most of the patients in this study (93.5%) were treated with standard endocrine therapy for 5 years, after which the recurrent events were comparatively increased in the higher FGFR1 expression group during the late observation period. The management of late recurrences of ER-positive breast cancer is currently a critical matter of debate. Tumor size and nodal status in particular, as well as several multi gene prognostic tests, have been highlighted as the prognostic factors of late recurrence, (23) (24) (25) which is in partial agreement with our findings concerning tumor size. To date, few studies have used IHC to examine expression of FGFR1 in breast cancer. There are only two reports describing effective treatment with FGFR signal inhibitors in triple negative subtype breast cancer. (26, 27) We believe that our report provides valuable information regarding a potential target for effective usage of FGFR inhibitors in ER-positive ⁄ HER2-negative primary breast cancer.
In the metastatic setting, FGFR pathway targeting agents have been developed, such as SU5402, PD173074, lucitanib (E-3810), dovitinib (TKI258), AZD4547 and BGJ398. (28) (29) (30) Some of these agents are currently undergoing phase I or II clinical trials. (28) A combination of endocrine therapy and FGFR inhibitors can be adopted as a subsequent therapy if ER-positive metastatic breast cancer patients have little hormone responsiveness. (31) These agents are multiple tyrosine kinase inhibitors targeting receptors including FGFR1-3, vascular endothelial growth factor receptor (VEGFR)1-3, c-KIT, fms-related tyrosine kinase 3 (FLT3) and platelet-derived growth factor receptor (PDGFR).
However, there are many reports of genetic aberration of FGFR1 in breast cancer, with gene amplification in particular being most commonly described. Previous studies reported that the percentage of FGFR1 amplification found ranges from 7.5% to 17%, (9, 11, 12, (32) (33) (34) (35) and two of these studies reported amplification especially in the ER-positive subtype. (11, 12) In addition, Elbauomy Elsheikh et al. (9) showed that FGFR1 amplification is associated with PR status (negative status), age (older than 50) and development of distant metastasis. Other studies have shown a positive association with proliferation, (34, 36) ER status (35) and HER2 status. (33) In our study, FGFR1 gene gain ⁄ amplification was found to be equivalent to 14.3% in the ERpositive ⁄ HER2-negative subtype and was only associated with higher nuclear grade, but was not correlated with survival, which was partially inconsistent with previous studies. We also found that the level of FGFR1 mRNA expression was not associated with any clinicopathological parameters or with survival in this study. This is in contrast to other recent studies which report that FGFR1 mRNA expression in breast cancer is associated with survival, when assessing the effect of single genes on breast cancer prognosis using tools such as Kaplan-Meier-Plotter (www.kmplot.com) (37) and PrognoScan (http://www.abren.net/PrognoScan/). (38) To our knowledge, there is no convincing evidence to suggest any association between overexpression of FGFR1 mRNA and prognosis of breast cancer.
In our comprehensive analysis, we found modest correlations among the level of FGFR protein expression, mRNA expression and gain ⁄ amplification in this study. Andr e et al. (32) report that microarray expression analysis of FGFR1 showed a significant correlation between copy number amplification and mRNA expression levels. They suggest that the occurrence of a DNA gain leads to unregulated overexpression of mRNA, because CNA is able to contribute to an increase in DNA instability and lead to genomic imbalance, and that CNA has an effect on inter-individual variation in gene expression. Our result on the correlation between gene gain ⁄ amplification and mRNA expression level provides further evidence in support of this concept. Moreover, gene amplification is the usual mechanism for higher protein expression, but there have been relatively inconsistent conclusions with regard to this. ReisFilho et al. (8) report that copy number gains are associated with protein overexpression, while by contrast another study shows the opposite result, with no association between gene amplification and protein overexpression. (26) Zhang et al. (39) demonstrate that many CNA-driven mRNA level increases do not translate directly into increased abundance of the corresponding proteins; hence, CNA-mRNA correlations were significantly higher than CNA-protein correlations for genes. In contrast, the gene expression level of mRNA is typically correlated with protein, but mRNA expression does not always correlate well with the expression of corresponding proteins because of regulation by post-transcriptional mechanisms. (40) Overall, FGFR1 overexpression is regulated not only by gene amplification, but also by other mechanisms such as transcriptional activation and suppression of protein degradation. (41) As just described, various mechanisms have been suggested that correlate with gene amplification, mRNA and protein. The best bioassay method for analyzing FGFR1 is as yet unknown, but different analyses of data from various studies are expected to be informative.
Our study has some limitations. Discrepancies between the results of this study and those of previous studies were found in our qPCR systems for analyzing gene amplification. One previous study involving an FGFR inhibitor (29) showed that tumor reduction was greater in patients with FGF pathway amplification identified by qPCR than in those with amplification identified by in situ hybridization. This variability of results could be caused not only by use of different techniques to evaluate alterations in copy number but also by differences between tumor sample backgrounds, which showed differences in certain clinicopathological parameters and prognostic follow-up periods. In addition, the tumor tissue materials used to extract gDNA and mRNA contain not only tumor cells but also stromal cells. The immunohistochemical approach provides information about the localization of the targeted protein, whereas semi-quantitative expression analysis will show expression in the total cell population and might, therefore, provide a more subjective value.
In conclusion, our results suggest that the expression level of FGFR1 protein may be an independent prognostic factor in terms of RFS for ER-positive ⁄ HER2-negative breast cancer patients receiving standard care. Although the technical method of IHC has not been standardized, it can be useful for further investigation of biological models to elucidate their interactions, and to establish possible use of FGFR inhibitors for ER-positive ⁄ HER2-negative breast cancer patients, providing hope for these patients who currently have limited treatment options. We believe our findings provide an essential basis of the role of FGFR1 in breast cancer.
